Abstract: Multi-walled carbon nanotube (MWCNT) reinforced epoxy films were deposited on an aluminum substrate by a hot-pressing process. Three-point bending tests were performed to determine the Young's modulus of MWCNT reinforced nanocomposite films. Compared to the neat epoxy film, nanocomposite film with 1 wt % of MWCNT exhibits an increase of 21% in the Young's modulus. Four-point-bending tests were conducted to investigate the fracture toughness of the MWCNT/epoxy nanocomposite film deposited on an aluminum substrate with interfacial cracks. Based on the Euler-Bernoulli beam theory, the strain energy in a film/substrate composite beam is derived. The difference of strain energy before and after the propagation of the interfacial crack are calculated, leading to the determination of the strain energy release rate. Experimental test results show that the fracture toughness of the nanocomposite film deposited on the aluminum substrate increases with the increase in the MWCNT content.
Introduction
Carbon nanotubes (CNTs) have been utilized as nanoscale reinforcements due to their high elastic modulus, strength, and flexibility, combined with their low density and negligible thermal expansion [1] [2] [3] [4] . Nanoscale fillers with larger surface areas in composites could lead to very large degrees of stress transfer and energy dissipation, resulting in a very high strength and toughness of nanocomposites [5] . An addition of small amounts of CNTs to polymer matrices yielded a significant improvement of mechanical properties [6] [7] [8] . Furthermore, the excellent electrical and optical properties of CNTs can be used to develop multifunctional products [9] . It is well known that Van der Waals interactions between small-diameter nanotubes result in the aggregates of nanotube ropes. This interlacing of carbon nanotubes is a significant barrier toward the transfer of load to the nanotube via shear stresses at the nanotube/matrix interface. As a result, the effective stiffness of multi-walled nanotubes in a polymer matrix is reduced [10] . Surface functionalization of CNTs is effective in improving dispersion and their adhesion in epoxy matrices. Sun et al. [11] investigated the effects of CNT dispersion and surface treatment on the mechanical properties of CNT-reinforced epoxy composites. They found that incorporation of CNTs grafted with polyamidoamine generation-0 (PAMAM-0) can improve the epoxy Young's modulus and tensile strength by 18% and 16%, respectively. These improvements are not as significant as expected due to the significant curvature of CNTs in epoxy and the side reaction between the epoxy and the functionalization agent. Guadagno et al. [12] reported that nanotube functionalization with -COOH has a strong influence on the electrical properties and results in a remarkable reduction of the conductance of the composite. Yang et al. [13] grafted triethylenetetramine (TETA) on the MWCNT surface. The existence of TETA on MWCNT can improve proposed a high temperature strain sensor based on polyimide/single-wall carbon nanotube (SWCNT) composites. Several strain sensors with different SWCNT contents ranging from 0.07 to 2.0 wt % were investigated. They found that the optimum CNT concentration for the sensor is 1.4 wt %.
Review of the studies mentioned above shows that most of the existing works investigate the mechanical properties of MWCNT-reinforced composite in bulk state. Very few efforts have been made to address the mechanical behavior of MWCNT-reinforced nanocomposite film deposited on a substrate. As the nanocomposite film is deposited on the substrate, delamination is the most common defect in the film/substrate composite structure. Interfacial cracks between the film and substrate as a result of delamination can induce significantly high stress at the crack tip leading to the failure of the film/substrate composite structure. Thus, it is essential to evaluate the interfacial fracture toughness which can be used to characterize the capability of the film/substrate composite in resistance to the crack growth. To the best of our knowledge, there is no report dealing with the fracture toughness of the nanocomposite film deposited on a substrate with an interfacial crack. In addition, determination of the Young's modulus for a film deposited on the substrate is quite different from a free-standing film. Two novel technologies based on the three-point bending and four-point bending tests were proposed to determine the Young's modulus and critical strain energy release rate of the nanocomposite film deposited on a substrate, respectively. In this work, multi-walled carbon nanotube (MWCNT)-reinforced epoxy thin films were prepared on an aluminum substrate through the sonication and hot-pressing processes. The aim of this study is to investigate the effect of MWCNT content on the Young's modulus and fracture toughness of the nanocomposite film deposited on the aluminum substrate. Young's modulus can be used to evaluate the capability of a material in resistance to deformation. The critical strain energy release rate is an intrinsic property of a material which characterizes the ability of a material to dissipate the deformation energy without propagation of a crack. Thus, the critical strain energy release rate can be used to judge the material toughness.
Materials and Experimental Processes

Fabrication of Nanocomposite Films
The multi-walled carbon nanotubes produced via the chemical vapor deposition method were purchased from Uchess Co. (New Taipei, Taiwan) and purified to >95%. The MWCNT had a diameter ranging from 40 nm to 60 nm, and a length ranging from 5 µm to 15 µm. Figure 1 shows the image of the MWCNT using a field emission scanning electron microscope (JSM 7600F, Jeol, Tokyo, Japan). The matrix used was part A: epoxy Mungo 4200A and part B: hardener 4200B, both purchased from Glad Co. (New Taipei, Taiwan). Ultrasonic cavitation is an efficient method to disperse carbon nanotubes into epoxy resin when CNT weight fractions are lower than 1.0 wt %. However, high ultrasonic power or long duration may damage the CNT surface. In this study, multi-walled carbon nanotubes were incorporated into epoxy matrix through a high-intensity ultrasonic bath process. A series of experimental tests were conducted to determine the optimal ultrasonic power and duration that can effectively achieve good dispersion without damaging the CNT surface. The optimal ultrasonic power and duration were 120 W and 3 h, respectively. The dispersion of MWCNTs in the epoxy matrix were examined using SEM.
To prepare MWCNT/epoxy nanocomposite, MWCNT powder was directly added into a liquid epoxy, and the solution was sonicated for 3 h at temperature of 40 • C to separate the aggregation of MWCNTs and achieve a good dispersion. Then, the epoxy hardener was mixed into the MWCNT/epoxy solution at a weight ratio of 1:2, and softly stirred for about 5 min. After that, the solution was placed in a vacuum chamber for about 30 min to remove the bubbles induced from the stirring. Finally, the nanocomposite suspension was poured onto a clean aluminum substrate, which is placed on a mold as shown in Figure 2 . The mold was supported and covered by steel plates and placed on the hot-press machine at temperature of 40 • C and under a pressure of 400 N/cm 2 . The thickness of the nanocomposite film on the substrate was controlled by a spacer. Prior to pouring the nanocomposite solution, the substrate was cleaned in a soap solution, and submerged in an acetone solution for 10 min after rising with distilled water. Then the substrate was dried with hot air before pouring. A nanocomposite film with a thickness of 200 µm was obtained after one day of curing in the hot-pressing mold. Four different loadings of MWCNT (0.3, 0.5, 0.8, and 1.0 wt %) were prepared to investigate the effect of the MWCNT content on the mechanical properties of the nanocomposite film. Samples without the MWCNT addition were also fabricated for comparison. Figure 3 depicted the SEM image of the nanocomposite with 1.0 wt % of MWCNT. This shows good dispersion and good bonding between the MWCNT and epoxy. 
Three-Point Bending Test
The Young's modulus of nanocomposite film deposited on a substrate was determined by a three-point bending test. In a bending test, the deflection of the film/substrate composite beam is dependent on the bending stiffness of the composite beam, which is related to the elastic moduli of both the film and substrate. Thus, the Young's modulus of the film can be deduced by comparing the deflections between the substrate and film/substrate specimens. In this work, a simple relation derived by Bao et al. [27] was adopted to determine the elastic modulus of the film from the three-point bending test. Based on beam theory, the deflection of a beam subjected to a three-point bending test can be written as:
where P, L, E, and I represent the applied load, span, Young's modulus, and the moment of inertia of the beam, respectively. For the film/substrate composite beam, the position of the neutral axis y c and bending stiffness E I are as follows:
where E f and E s denote the Young's modulus of the film and substrate, respectively; h f and h s are the thickness of the film and substrate and b is the width of the composite beam, respectively. For the beam with pure substrate, the slope of the load-deflection curve derived from Equation (1) yields:
For the composite beam consisting of film and substrate, the slope of the load-deflection curve is:
From Equations (3)- (5), the slope ratio γ between the composite beam and substrate can be expressed as:
Equation (6) is rewritten as:
The slope ratio γ is determined by the three-point bending test. Thus, β can be obtained from Equation (7a) as follows:
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Substituting Equation (8) into Equation (7b) leads to the Young's modulus of the film as follows:
Four-Point Bending Test
The fracture toughness of the nanocomposite film deposited on the substrate with an interfacial crack was determined by a four-point bending test. A central notch is cut through the thickness of the nanocomposite film and a symmetrical crack is placed along the interface with a crack length of 2a as shown in Figure 4 . The Young's modulus and thickness of the nanocomposite film are E f and h f , respectively, E s and h s are associated with the substrate. The specimen is subjected to the four-point bending test. The interfacial crack located between the two inner loading points is under a constant moment condition. The strain energy release rate exhibits steady-state characteristics when the crack length is significantly exceeded to the thickness of the nanocomposite film. The specimen in the steady-state region is subjected to a pure bending moment M = P × l as shown in Figure 5 . As the length of the crack extends from 2a to 2a + 2δa, the difference of the strain energy in the specimen before and after the crack propagation is simply the difference of the strain energy stored in the center and at the free end.
The strain energy release rate of nanocomposite film deposited on the substrate with interfacial crack is readily to be determined as follows:
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The strain energy release rate of nanocomposite film deposited on the substrate with interfacial crack is readily to be determined as follows: 
Results and Discussions
In this section, a three-point bending test was employed to evaluate the Young's modulus of the nanocomposite film, while four-point bending tests were conducted to determine the fracture toughness.
Young's Modulus of the Nanocomposite Film
MWCNT/epoxy nanocomposite films with four different contents of MWCNT (0.3 wt %, 0.5 wt %, 0.8 wt %, and 1.0 wt %) were prepared and deposited on the aluminum substrate to form the 
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Young's Modulus of the Nanocomposite Film
MWCNT/epoxy nanocomposite films with four different contents of MWCNT (0.3 wt %, 0.5 wt %, 0.8 wt %, and 1.0 wt %) were prepared and deposited on the aluminum substrate to form the film/substrate composite beam. The Young's modulus, length, width, and thickness of the aluminum substrate are 70 GPa, 125 mm, 25 mm, and 3 mm, respectively. The thickness of the nanocomposite film is 0.2 mm. The experimental setup of the three-point bending test is shown in Figure 6 . Four tests were performed for each sample and the average of these tests was presented in this work. A load is applied on the middle of the specimen. The load (p) and deflection (v) of the three-point bending test are recorded by the universal testing machine. The load-deflection curves for the aluminum substrate and film/substrate composite beam with a MWCNT of 0.5 wt % are plotted in Figures 7 and 8 , respectively. It can be observed that both the load-deflection curves are linear. The slopes of the load-deflection curves for aluminum substrate ( dp dv ) s and composite beam ( dp dv ) c are easily extracted from these curves. Therefore, the slope ratio γ = ( dp dv ) c /( dp dv ) s between the composite beam and the aluminum substrate can be determined. Substituting the film thickness h f , substrate thickness h s , and slope ratio γ into Equations (7) and (9) leads to the determination of the Young's modulus of the nanocomposite film. Table 1 lists the Young's moduli of the nanocomposite films with MWCNT contents ranging from 0.3 wt % to 1.0 wt %. This shows that the Young's modulus of the nanocomposite film is increasing with the increase of the MWCNT content. The Young's modulus of the nanocomposite film with 1.0 wt % of MWCNT is increased by 21% when compared with neat epoxy film. We also conducted the tensile test according to the ASTM D638 standard to determine the Young's modulus of the neat epoxy. The result of the Young's modulus from the tensile test for neat epoxy is 1.99 GPa, which agrees well with the result of 1.90 GPa from the three-point bending test, with a difference of less than 5%. This demonstrates that the nanocomposite film is firmly adhered to the Al substrate, resulting in a good strain transfer from the substrate to the film. The SEM image of the nanocomposite with 1.0 wt % of MWCNT shown in Figure 3 illustrates good dispersion and bonding between the MWCNT and epoxy. The bonds between the nanotubes and the polymer enable a stress transfer and carrying of tensile loads which leads to the improvement of the Young's modulus. In addition, the dispersion of the MWCNT that restricts the mobility of polymer chains under loading enhances the modulus and strength. 
Strain Energy Release Rate
The strain energy release rate of the nanocomposite film deposited on the aluminum substrate with an interfacial crack was derived in Section 4. A four-point bending test was conducted to determine the fracture toughness of the film/substrate composite beam. The length, width, and thickness of the aluminum substrate are 200 mm, 19 mm, and 2 mm, respectively. The thicknesses of the film and interfacial crack length are 0.2 mm and 50 mm, respectively. Figure 9 shows the film/substrate composite beam with an interfacial crack. The experimental setup of the four-point bending test is shown in Figure 10 . The middle region of the composite beam is subjected to a pure bending moment of M P l where P is the load and l 50 mm. The load is gradually increasing 
The strain energy release rate of the nanocomposite film deposited on the aluminum substrate with an interfacial crack was derived in Section 4. A four-point bending test was conducted to determine the fracture toughness of the film/substrate composite beam. The length, width, and thickness of the aluminum substrate are 200 mm, 19 mm, and 2 mm, respectively. The thicknesses of the film and interfacial crack length are 0.2 mm and 50 mm, respectively. Figure 9 shows the film/substrate composite beam with an interfacial crack. The experimental setup of the four-point bending test is shown in Figure 10 . The middle region of the composite beam is subjected to a pure bending moment of M = P × l where P is the load and l = 50 mm. The load is gradually increasing to the critical load P cr The interfacial crack propagation process is shown in Figure 11 where the crack tip is marked in green. The interfacial crack starts to propagate as the load increases to the critical load P cr . The strain energy release rate can be determined by substituting the critical load P cr into Equation (11) . Three test specimens were conducted for each sample and the average of these tests was presented in this work. The strain energy release rates of the nanocomposite film with various MWCNT contents deposited on the aluminum substrate are listed in Table 2 . This shows that the strain energy release rate is increasing with the increase of the MWCNT content. The strain energy release rate of the nanocomposite film with 1.0 wt % of MWCNT is increased by 55% when compared with neat epoxy film. The increase of the fracture energy of the MWCNT reinforced epoxies was predicted by considering the contributions of the toughening mechanisms, which include nanotube debonding, nanotube pull-out, and plastic void growth of the epoxy matrix. Pull-out requires the CNTs to debond from the matrix, and there is likely energy dissipation from interfacial debonding. Once debonding has occurred, the constraint on the epoxy is relieved, and so plastic void growth may also occur. Such mechanisms may, indeed, account for the observed increases in the critical strain energy release rate. Crack-bridging is another micro-mechanical mechanism that reduces the growth of nano-pores, as well as the propagation of cracks, and contributes positively to the increase in fracture toughness.
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Conclusions
Nanocomposite films reinforced with MWCNT were successfully prepared and deposited on an aluminum substrate via the sonication and hot pressing processes. Based on beam theory, an analytical relationship among the moduli of the film, substrate, and film/substrate was presented, from which the Young's modulus of the nanocomposite film can be determined by a three-point bending test. Experimental results show that the Young's modulus of the nanocomposite increases with the increase of the MWCNT content. Four-point bending tests were conducted to investigate 
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Nanocomposite films reinforced with MWCNT were successfully prepared and deposited on an aluminum substrate via the sonication and hot pressing processes. Based on beam theory, an analytical relationship among the moduli of the film, substrate, and film/substrate was presented, from which the Young's modulus of the nanocomposite film can be determined by a three-point bending test. Experimental results show that the Young's modulus of the nanocomposite increases with the increase of the MWCNT content. Four-point bending tests were conducted to investigate the fracture toughness of MWCNT/epoxy nanocomposite film deposited on the aluminum substrate with an interfacial crack. This showed that the strain energy release rate increased with the increase of the MWCNT content. The strain energy release rate of the nanocomposite film with 1.0 wt % of MWCNT is increased by 55% when compared with neat epoxy film. The addition of MWCNT into the epoxy matrix shows a significant improvement of the fracture toughness to the nanocomposite film.
